Fast magnetic reconnection was observed between magnetized laser-produced plasmas at the National Ignition Facility. Two highly-elongated plasma plumes were produced by tiling two rows of lasers, with magnetic fields generated in each plume by the Biermann battery effect. Detailed magnetic field observations, obtained from proton radiography using a D 3 He capsule implosion, reveal reconnection occurring in an extended, quasi-1D current sheet with large aspect ratio ∼ 100. The 1-D geometry allowed a rigorous and unique reconstruction of the magnetic field, which showed a reconnection current sheet that thinned down to a half-width close to the electron gyro-scale. Despite the large aspect ratio, a large fraction of the magnetic flux reconnected, suggesting fast reconnection supported by the non-gyrotropic electron pressure tensor.
Fast magnetic reconnection was observed between magnetized laser-produced plasmas at the National Ignition Facility. Two highly-elongated plasma plumes were produced by tiling two rows of lasers, with magnetic fields generated in each plume by the Biermann battery effect. Detailed magnetic field observations, obtained from proton radiography using a D 3 He capsule implosion, reveal reconnection occurring in an extended, quasi-1D current sheet with large aspect ratio ∼ 100. The 1-D geometry allowed a rigorous and unique reconstruction of the magnetic field, which showed a reconnection current sheet that thinned down to a half-width close to the electron gyro-scale. Despite the large aspect ratio, a large fraction of the magnetic flux reconnected, suggesting fast reconnection supported by the non-gyrotropic electron pressure tensor.
Magnetic reconnection enables the rapid conversion of magnetic field energy to bulk plasma kinetic energy and energized particle populations in plasmas ranging from laboratory to astrophysical environments [1, 2] . Important aspects of this phenomenon that are not yet understood include the structure and dynamics of magnetic reconnection current sheets, and particularly the rate of reconnection, in highly-extended sheets much longer than intrinsic plasma kinetic scales such as the particle skin-depth and gyro-radii [3] . Laser-produced plasmas, in which magnetic fields are generated in expanding plumes by the Biermann battery effect [4] [5] [6] , offer a new experimental platform for reconnection studies with a large scale separation between the global system size and kinetic plasma scales. These experiments are further complementary to low-temperature dischargetype plasmas [7, 8] by observing current sheets at high-β (β = 2µ 0 nT /B 2 ); reconnection at high-β, while it may not cause significant bulk plasma heating, may nevertheless be important for modifying global magnetic topology and transport in astrophysical systems such as accretion disks [9] , and may energize superthermal particles [10] . Laboratory experiments also complement studies with spacecraft [11] , by enabling observation 2-D and 3-D reconnection dynamics spanning global and kinetic scales.
Detailed current sheet observations can reveal important aspects of reconnection in the high-β regime. The current sheet width determines the growth rates of current sheet instabilities in fast reconnection models based on tearing or plasmoid instabilities [3, 12, 13] . Furthermore, the width controls various mechanisms for breaking magnetic field lines. Momentum transport (the electron pressure tensor term in Ohm's law), has been observed in collisionless reconnection simulations as the mechanism to break field lines [14, 15] . The physical mechanism [2] is that thermal motion allows electrons to transit out of the electron diffusion region before they can be accelerated by the reconnection electric field. Recent work at the Magnetic Reconnection eXperiment (MRX) studied electron diffusion regions at β ∼ 1, though found the diffusion region was too broad for momentum transport to play a role [8, 16] , instead suggesting anomalous resistivity supplied by instabilities. Electron diffusion regions are also observed in space plasmas, and indeed resolving this kinetic scale is a primary goal of the Magnetosphere Multiscale (MMS) Mission [11, 17] .
In this Letter, we present results from experiments at the National Ignition Facility (NIF) to study reconnection in highly-extended current sheets much larger than intrinsic plasma scales. The magnetic fields are self-generated in two neighboring plasma plumes by the Biermann battery (∇n × ∇T ) effect [18, 19] . On NIF, a large number of lasers are tiled to produce two highlyelongated parallel plasma plumes ( Fig. 1 ), which merge by quasi-1-D inflows, in contrast to previous experiments which interacted two spherical expanding plumes. The magnetic fields are reconstructed from proton radiography data, which reveals reconnection occurring in a highly extended sheet, with a current sheet length L y = 6 mm, much longer than the half-width δ = 28 ± 5 µm, for an aspect ratio A = L y /2δ > ∼ 100. A significant fraction of the magnetic flux is observed to reconnect, indicating a fast reconnection mechanism. The current sheet half-width δ is close to the electron gyroradius ρ e ∼ 15 µm at these plasma conditions, suggesting that momentum transport (the pressure tensor effect [15]) drives fast reconnection. Figure 1 shows the experimental setup. Extending the techniques of previous laser-driven reconnection experiments [4-6, 20, 21] , two sets of beams were focused to generate a pair of elongated plasma plumes. In the NIF "MagRecon" platform, 40 beams are tiled evenly onto two parallel 4 × 1 mm 2 footprints on a thin (15 µm) 5.5×6 mm 2 high-density-carbon (HDC) foil to generate two colliding plasma plumes (Fig. 1a ). The lateral separation of the laser foci between the two footprints was 2.4 mm. In these experiments, the total laser energy per plume was 2 kJ in 0.6 ns, for an on-target laser intensity of I L = 1 × 10 14 W/cm 2 at 351 nm wavelength. The platform uses beams from the bottom outer beam cones (45-50 • ) on NIF, with standard NIF phase plates which all project to smooth circular foci with a 1.2 mmdiameter profile in the horizontal plane of the target. A D 3 He backlighter capsule for proton deflectometry was mounted below the target ( Fig. 1b) , with the CR-39 detector package at the pole. Gated X-ray Detectors (GXD) [22] were fielded in the plane of the target. Experiments observed the line-integrated magnetic fields using proton deflectometry. The proton backlighter used an 860 µm-diameter glass capsule target filled with a D 3 He mixture (6 atm D 2 , 12 atm 3 He). The capsule was imploded by 64 NIF beams, using a 1.3 ns square pulse shape, 0.9 kJ/beam, and standard NIF phase plates. Upon implosion, D 3 He fusion reactions produced a burst of energized protons with a narrow spectrum peaked at 14.95 MeV, as recorded on nuclear detectors [23] . The capsule was mounted 20 mm below the target foil, while the CR-39 detector stack was fielded 215 mm opposite the target, for a geometrical magnification M = 11.75. An image plate (IP) was fielded behind the CR-39 foils in the stack to obtain a point-projection x-ray image of the target region; comparing the IP to photographs of the as-built targets allowed registration of the proton radiographs against the physical targets. Figure 2 shows proton radiography data and reconstructed magnetic fields obtained from these experiments at time t = 3.0 ns after the start of the main plume beam, accounting for the backlighter bang-time and proton time-of-flight. As the protons stream through the interacting plumes, they pick up small deflections, predominantly from B fields [24] , which causes fluence variation on the CR-39 ( Fig. 2a .) Two high-fluence (dark), elongated race-tracks are immediately apparent which correspond to a focusing pileup of protons interior to the peak Biermann magnetic fields surrounding each plume. Where the two plumes interact, a region of extreme proton depletion is observed. This is consistent with a current sheet structure causing outward deflection of the probe protons. The current sheet is quasi-1-D (∂/∂y ∂/∂x). Figure 2b shows the reconstructed magnetic fields in the 2-D region containing the current sheet (the magenta box in Fig. 2a ), using the 2-D inversion algorithm PROBLEM [25] . The current sheet half-width δ varies along the sheet and ranges from 15-30 µm, much thinner than the apparent width in the fluence image. Meanwhile the length of the sheet is L y ≈ 6 mm, for an overall aspect ratio A = L y /2δ > ∼ 100. Some knots and modulations of the proton fluence are also observed at the current sheet, as well as regions along the sheet which have reconnected more than their neighbors.
The experimental quasi-1-D geometry allows a rigorous validation of the magnetic field reconstruction ( Fig. 3 ). Fig. 3a shows, in the magenta curve, the observed proton fluence over the entire 1-D trace from the blue region of Fig. 2a . This lineout is analyzed using a separate, fast 1-D reconstruction code PRADICAMENT [26] . Reconstructing magnetic fields from the fluence variations requires both the final proton fluence on the detector and the initial "undisturbed" proton fluence. Since there is usually no separate measurement of the undisturbed proton fluence along the same line of sight, the undisturbed fluence must be constrained by other means, and indeed minor changes to the undisturbed profile leads to large changes in the inferred B field. To constrain the possible B-field profiles, we first define a family of undisturbed fluence profiles, which are assumed to be parabolic as a lowest-order shape, and use PRADICAMENT to solve for the B field for each fluence profile. We then accept the B-field profiles (and associated undisturbed fluence profiles) which satisfy: (1) the B fields do not reverse sign after their initial peaks, and approach zero toward the edge of the measurement region [24] ; and (2), the B fields are consistent with target-edge magnetic field observations within error bars. These target-edge B fields are displayed as the two data points with error bars at x = −2.5 and +3 mm in Fig. 3b ; they were determined by comparing the position of the target boundary in the proton radiography track-diameter image (not shown) to the physical target. The inward shift indicated a finite B field at each target edge, with error bars arising from alignment and registration uncertainties. The final set of satisfactory undisturbed fluence profiles is shown as the blue band in Fig. 3a , and the associated B-field profiles as the blue band in Fig. 3b . The analysis indicates that the undisturbed proton fluence was not uniform over the measurement region by ∼ 25%, a non-uniformity much larger than the cos 2 θ factor from equal protons per unit angle (possibly resulting from electromagnetic fields in the corona of the backlighter target [27] ). These fluence profiles were then used as input for the PROBLEM 2- D reconstruction, and we obtained good agreement between the results in the central region. The magnetic field crosses zero at the two laser foci, x = ±1.2 mm, within error bars, which is expected since the Biermann generation should reach a minimum at those locations. Further plasma parameters were provided by the GXD which acquires gated pinhole images of plasma Bremsstrahlung x-ray emission through various filters. The GXD view was from nearly side-on in the equatorial plane of the target (Fig. 1c ) and observed the vertical plume expansion versus time (rather than current sheet structures). Fig. 4a shows a typical side-on pinhole image showing the ablating plasma. Since the profile evolution is strongly dependent on the plasma temperature and density, we used it to constrain a PSC particle-in-cell ablation simulation of two neighboring plumes [28] , by tuning the laser deposition to match the spatial evolution of Bremsstrahlung emission to the observed GXD profiles. The PSC simulation includes Biermann-battery magnetic field generation and the formation of a current sheet [19] . Figure 4b shows the Bremsstrahlung emission profiles at two times, where the gray shading shows a sensitivity test for PSC in which the heat deposition was modified by ±20%. The simulation showed that the plasma temperatures in the current sheet varied from 1000 eV at t = 0.6 ns when the laser turns off to 300 eV at 3 ns (Fig. 4c ). The results are consistent with plasma temperature inferred from GXD ratios through 3-and 6-µm Al filters (magenta points). The PSC simulations additionally show densities in the current sheet ranging from 1-3×10 25 m −3 over the first 3 ns, for typical plasma β of ∼ 10-50.
Connecting these observations provides valuable new data on reconnection in high-β plasmas. The B y profile can be integrated along the inflow direction (x), which yields the total magnetic flux contained in each bubble Ψ = dx B y d (Fig. 3b) . A larger total magnetic flux is observed on the outer (non-reconnecting) side Ψ out = 5.5-15 T-mm 2 of the bubbles than on the inside Ψ in = 2.5 ± 0.3 T-mm 2 , which confirms that at this time a significant amount of flux has reconnected or dissipated in the current sheet [29] . The minimum amount of flux reconnected (∆Ψ = Ψ out − Ψ in ) is well constrained to > 3 T-mm 2 , which is larger than the remaining inboard flux and indicates a minimum reconnection fraction of ∼ 60%. Using In addition to inference of high magnetic reconnection rates, we obtain detailed observation of the reconnection current sheet. Figure 5a zooms in on the current sheet, showing the half-width δ = B up /|dB/dx| = 28 ± 5µm. The uncertainty in the current sheet width is set by uncertainty in the CR-39 background level, which was determined by analyzing CR-39 track noise under the border frame. The current sheet has thinned to nearly the electron gyroradius, which is ∼ 15 µm for B = 5 T (for a 1 mm integration length typically shown in simulations) and T e = 400 eV.
Using the magnetic profiles, we obtain the profile of line-integrated currents j z d which is strongly peaked in the current sheet at 160 MA/m (Fig. 5b) . This implies highly anomalous reconnection rates not supported by classical Spitzer resistivity, which can only support ∼ η Sp j z d ∼ 50V at 400 eV and Z = 6, a factor ∼ 25 below the reconnection rate of E z d ∼ 1300 V calculated above. We note similar anomalous reconnection rates (E rec η Sp j) were observed at MRX (under much different plasma conditions, and at β ∼ 1) [30] . We emphasize that the present data indicate only an averaged reconnection rate, and at this time it is not clear that the instantaneous rate is still fast [6, 31] . Nevertheless, the thinness of the current sheet suggests the importance of momentum transport (pressure tensor) in obtaining fast reconnection: in the model of Hesse [15] , the pressure tensor provides a reconnection electric field E rec ≈ (1/e) √ 2m e T e ∂V e /∂x, where V e is the electron inflow to the reconnection layer. Taking inflow speeds at the average global inflow, V in ∼ 200 km/s, and ∂/∂x corresponding to the observed half-width ∼ 1/δ ∼ 1/25 µm, T e = 400-1000 eV, and an integration length L ∼ 1 mm, we estimate Ed ∝ √ T e V in L/δ ∼ 600-900 V. While a rough estimate, this is remarkably comparable to the observed rates, and argues for the importance of dissipation by pressure tensor in high-β reconnection. This effect was observed in previous simulations of reconnection in laser plasmas [32] including recent full 3-D simulations [33] . Future experiments measuring the instantaneous reconnection rates and spatial profiles of plasma parameters in the current sheet can test the theory in detail.
To conclude, we have presented detailed magnetic reconnection observations at the NIF at high plasma β. Tiling lines of beams allows the generation of highlyextended reconnection sheets, driven by well-controlled 1-D inflows. Validated magnetic field reconstructions using the proton data reveal a highly-extended, high-aspect ratio sheet with A = L/2δ > ∼ 100, with the current sheet half-width δ narrowed down to the electron gyro-scale. The inferred high reconnection rates suggest the importance of electron momentum transport due to the narrowing of the current sheet to the electron gyro-scale.
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1-D proton inversion algorithm: PRADICAMENT
This section describes the fast 1-D inversion algorithm PRADICAMENT used for obtaining the 1-D magnetic field from an observed proton fluence profile. A manuscript describing PRADICAMENT and its benchmarking against other inversion algorithms such as PROBLEM [25] is in preparation. A 1-D inversion routine has the utility that it can be implemented very simply and can run very fast, which is useful for uncertainly analysis, and therefore confidence in the results.
We briefly review the proton radiography setup to fix the terminology and relevant constants. For this analysis, consider probing a one-dimensional magnetic structure following the approach outlined in Ref. [34] . We assume the probe beam propagates along the z-axis of a cartesian coordinate system, and is deflected by the field B y (x) similar to the experiment geometry. The protons emerge from a point-source located at a distance L 1 from the object. The detector is positioned at a distance L 2 on the opposite side of the the object. We assume the proton beam is low-divergence and interaction with the magnetic field can be treated in a paraxial approximation.
If a proton crosses the plasma at a coordinate x, its position X at the detector plane is [34] ,
where e, m, and v p are the proton charge, mass, and velocity and the B-integral is taken along the beam propagation. The first term in the RHS describes the ballistic zero-field propagation with a geometric magnification M = (L 1 + L 2 )/L 1 and the second term describes deflection by the magnetic field. It is convenient to work in the coordinate system of the object (plasma) plane, so we introduce x = X/M , and useB(x) = B y (x, z)dz. This equation can then be written in a simplified form,
where ν = L 1 L 2 /(L 1 + L 2 ) · e/mv p . We refer to x as the "final" proton coordinate, in contrast to the "initial" coordinate x. The proton flux intensity transforms according to the transformation of the linear dimension,
where I(x ) is the experimentally-measured proton fluence and I 0 (x) a specified undisturbed proton fluence at the object plane. The subtlety is that the I data is observed at the final coordinates, but depends on the undisturbed fluence from the initial coordinates. The user also specifies the incident proton fluence profile I 0 (x), which can have spatial variation. After substituting the derivatives in Eq. 3 using Eq. 2, an expression for the magnetic field as a function of I and I 0 is,
The simple form of Eq. 4 is rather deceptive since the LHS of the equation has the magnetic field as a function of the initial proton coordinates x while the RHS depends as well on the final proton coordinates x through I(x ), which are in turn coupled through Eq. 2.
The ODE, Eq. 4, is straightforward to solve using standard Matlab ODE solvers. Valid solutions exist provided that for each value of x there exists one and only one value of x. This assumption holds if the magnetic field is limited in magnitude to an extent that dx /dx > 0, which is equivalent to the absence of caustics in the proton image as described in Ref. [34] , or equivalently that proton trajectories do not cross.
The algorithm begins at a chosen x 0 with initial B = B 0 . B(x) is determined from that point outwards in both directions using the ODE solver. As needed, I(x ) is interpolated between gridded points. To check the solution, Eq. 3 is directly evaluated from B(x) and compared to the input I(x ). The algorithm was also directly tested against several analytic profiles.
We conclude with some notes about boundary conditions. Given the structure of Eq. 4, the solution requires at least one boundary condition. That is, a constant B can always be added to the solution, which results in only a spatial offset between x and x . This constant offset B in general must be determined from known boundary conditions or other constraints.
Second, the initial proton fluence I 0 (x) is also in principle unknown. (It is not known to the authors how to separately measure this quantity along the same line of sight as I(x ). Ref. [35] discusses another recent approach to constraining B-field profiles without direct knowledge of the undisturbed fluence.) Assuming I 0 is a constant or smoothly varying profile, the average fluence and any parameters of the profile must be constrained as part of the analysis procedure. We find that multiplying I 0 by a constant factor (i.e. assuming a different average value) approximately adds a linear component B 1 ≈ αx to B(x). Therefore, constraining the average proton fluence requires an additional boundary condition on B. By similar argument, adding higher-order structure to I 0 , such as parabolicity, adds corresponding higher-order components to B, and in general for each free parameter added to I 0 an additional constraint is needed.
